Abstract
Introduction
The rapid development of modern machinery industry led the development of new types of gears, while the design and development process requires a simulation tool to verify the correctness of the design to reduce the development cycle and funding. Bending fracture of the tooth is one of the most common failure mode, for the purpose of early detection and prevention, the calculation should be taken in the early period of the design.
Gear failure often occurs because of the stress concentration at the tooth surface and tooth root locally. It is a high nonlinear problem, so it is difficult to make accurate dynamic simulation using finite element method. Element-free method is another widely used structural analysis method following the finite element method. As a numerical solution of partial differential equations, it has an advantage in computational accuracy over the local stress concentration, and it can handle highly nonlinear local issues, such as large deformation and fracture issues etc. it is a good supplement of finite element method in solving discontinuous problems. Therefore, a calculation method of dynamic simulation is promoted for the gear failure on the basis of MLPG [1] [2] (Meshless local PetrovGalerkin).
MLPG and the Improvement
MLPG method is a mature and mesh free computing approach. In comparison with the finite element method, It is free from the binding of mesh, Trial function based on the nodes which discretized the solution domain. So it could solve the high non-linear and discontinuous problem. The difficulty of numerical integration should be considered while choosing the weight functions. In order to facilitate the Gaussian integral, quartic spline curve is selected as the weight function [4] .
is the distance between nodes I and the interpolation point, and R is the radius of influence domain.
Coupling Algorithm
In the moving least square method, shape function is formulated by the weight function of the node within the domain. By changing some of the weight functions of the nodes, the improved shape function of this node is much larger than the other nodes to make the trial function to wear through the node.
Where function  is composed of the Exponential Functions which have the compact support property and spike characteristic, and peak characteristics can be adjusted through the coefficient  . After improving the power function, the node shape functions have approximate properties with delta function, and maintain the smooth characteristic of the original shape function. Figure 1 is the shape function curves of one-dimensional problem, and 50 nodes are equidistant arranged in the interval [0, 30] , with the influence domain radius of 30. Figure 1 shows the drawing of a section of the node shape function, and the shape function value at nodes is approximately equal to 1. 
Equivalent of the Weak Form
The solution domain  is shown in Figure 2 , and the control equations and boundary conditions are given by: Weak form of the equivalent integral is given by
Where N is the test function (Test Function), and distribute the first term of equation (7).
International Journal of Control and Automation
Vol. 8, No. 1 (2015)
364
Copyright ⓒ 2015 SERSC
Using Gauss theorem, the first term on the right of equation (8) can be written as.
The division of the boundary A shows as follows
Decompose the right term of equation (10) 
It is difficult to solve the first term of the equation on the right. However, by choosing the appropriate test function, we can make the value of the test function in the sub-domain boundary integral is zero, so that the first term of the equation on the right can be eliminated. In this paper, the triangular element shape function in the finite element method is used as the test function, and weight function is zero in the sub-domain boundaries which has compact support features. Where i N is the test function of the Integration point i , namely the finite element shape functions of the triangle area around the center node shows as follows.
The test function value at the center node is 1 with the shape of tent, and at the boundary the value is 0.
Where A is the triangle's area of the integral point, and a, b and c are the coefficient related with the node. from equation (5)~(8) and equation (4) we can obtain
In this paper, an improved PU function is used as shape function, displacement boundary conditions are met in advance, so equation (13) can be written as
Where ij  is the stress matrix and it can be expressed as a function of the displacement. tensor form shows as follows .
The equivalent matrix form is given by 
Discrete Form of the Control Equation
The equation (14) can be written in matrix form.
Where U is the displacement vector, and
; F is the load vector, and
K is the stiffness matrix and 
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In the shape function, the presence of discontinuous or sharp point would led to numerical integration difficulties and low accuracy problem. The quartic spline curve is used as the weight function in this element-free method, and PU function as the shape function. its derivative is given by 
 is the angle between the boundary normal and the horizontal axis.
Discontinuities Algorithm
As shown in Figure 3 , before gear failure there are surface cracks. The influence domain of the node 
The amended weight function is given by :
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Crack tip field function is singular with the feature r , so the following basic function
Strength Analysis of Cross-axis Thickening of Non-involute Gears

The Background
At present, many imported machines apply cross-axis thickening gears. However, the existing types of gear transmission are the areas of space points meshing, so contact strength is low and carrying capacity is small. Cross-axis thickening of non-involute gear transmission is a new kinds of gear transmission [5] . As shown in Figure 5 , this gear drive resolve the low strength problem of such gears by achieving a line contact. In order to verify the design of the cross-axis thickening of non-involute gear transmission, the strength analysis is explored. 
Computing Model
A pair of teeth meshing with each other is selected to be modeled according to the spatial position of the gears, and the two gears axes cross with each other at an angle. The contact area of the gears is discreted with meshless method, and the rest is divided into the finite element mesh. The Contact line and the other stress concentration area of the gear are discreted using this meshless method and the rest is discreted with the finite element method. As shown in Figure 6 . This numerical model can be established with enough ac-
Figure 6. Numerical Analysis Model
Fix the passive gear axes, add torque on the drive gear, and calculate the contact force with the penalty function method.
Computing Results
In order to verify the correctness of the results, the tooth surface contact stress calculated by the finite element method and the classical theory of contact mechanics are compared. Figure 7a) shows the results of the finite element method, Figure 7b) shows the results of this paper, Figure 7c) shows the stress distribution in the theory of contact mechanics. The principal shear stress contours are given by Figure 7a ) and Figure 7b ). Compared with Figure 7c ) it can be known that the contact stress distribution calculated here is much closer with the classical theory and the rest is little different. The main reason for this result is the stress concentration of the contact area, and stress gradient is large, so it is difficult to calculate the very accurate results by the finite element method. In addition, the contact area is identified by the contact stress in Figure 7a ) and Figure 7b ) [6] , the contact area calculated here is completely line contact, which is consistent with the theoretical design (Theoretical design see conference [5] ). By extracting the maximum compressive stress value of the surface, the contact stress with rated load is compared. The result of the finite element method is 926.3MPa, the result calculated in this paper is 819.2MPa. The difference of the results due to the stress concentration of the contact area and the larger stress gradient, and the finite element method results are often too large. 
Computing Background
The mesh is generated automatically using the processing of the finite element software while the no mesh nodes create based on the finite element mesh. And the number of nodes of the tooth root and the crack tip point are increased. In order to simulate the moment at the tooth root, the tangential load is bear at the tooth top.
The gear material is 38SiMnMo, and crack failure criterion is the maximum circumferential stress. The crack propagation step is developed by the computer program, in the paper, 1 / 12 of the tooth root thickness is used. 
Under service load, the maximum tooth root stress is 680MPa, which is below the bending fatigue limit 730MPa. Magnified the load by 1.2, broken lines and crack instability generated at the gear root, which is spread along the gear tooth root to the other side. This agrees with the actual products' failure form. According to this analysis, the damage due to partial load which caused by the gear machining and installation errors, namely contact pressure deviates from the design, focused on the local position of teeth.
Conclusions
A numerical analysis method used in gear failure analysis is developed, and the method can accurately analyze tooth contact stress and tooth root bending fracture.
The strength and the failure analysis of two types of helical gears are studied with this method, and the application of this method was illustrated. Results of the two examples show that this method is superior to the finite element method In the gear strength analysis function and accuracy. It has a certain practical value in the development and research of the gear.
